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Abstract: In recent years, luminescence imaging has been widely employed in neurochemi-
cal analysis. It has a number of advantages for the study of neuronal and other biological
cells: (1) a particular molecular species or cellular constituent can be selectively visualized
in the presence of a large excess of other species in a heterogeneous environment; (2) low
concentration detection limits can be achieved because of the inherent sensitivity associated
with fluorescence and chemiluminescence; (3) low excitation intensities can be used so that
long-term observation can be realized while the viability of the specimen is preserved; and
(4) excellent spatial resolution can be obtained with the light microscope so subcellular com-
partments can be identified. With good sensitivity, temporal and spatial resolution, the flux
of ions and molecules and the distribution and dynamics of intracellular species can be meas-
ured in real time with specific luminescence probes, substrates, or with native fluorescence.
A noninvasive detection scheme based on glutamate dehydrogenase (GDH) enzymatic assay
combined with microscopy was developed to measure the glutamate release in cultured cells
from the central nervous system (CNS). The enzyme reaction is very specific and sensitive.
The detection limit with CCD imaging is down to µM levels of glutamate with reasonable
response time. We also found that chemiluminescence associated with the ATP-dependent
reaction between luciferase and luciferin can be used to image ATP at levels down to 10 nM
in the millisecond time scale. Similar imaging experiments should be feasible in a broad
spectrum of biological systems.

INTRODUCTION

The interests and development of single-cell analytical techniques come from several sources.
Conventional analysis tools are all bulk-average-based methods, which means the signal is taken from
a collection of biological cells and the results are then estimated for a single cell. While this is accept-
able for general biological analysis because individual variances in, for example, clinical samples fall
into a broad range and do not cause problems in interpretation, it is not true for neurochemical analy-
sis. The central nervous system (CNS) is a very complicated system with hundreds of different active
molecules involved in numerous processes in different functional parts of the brain. It is also highly het-
erogeneous among the individual cells in the same functional part and even within the different parts of
the same cell body. It is thus important to understand the variance for individual cells and the effect on
physiological functions. The results from bulk-average methods will not be able to tell the real dynam-
ics and mechanisms of the functions and pathways. Such is also important for clinical diagnostic pur-
poses, because single cell analysis makes it possible to find the first few abnormal cells at their early
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stage of development. Otherwise, the overwhelming abundance of normal cells will likely mask them
out if analyzed by bulk-average methods. 

SEPARATION AND SINGLE-CELL ANALYSIS

The development of chromatographic microcolumn techniques, especially the progress in capillary
electrophoresis (CE), makes it practically possible to advance single-cell analysis [1]. This is because:
(1) the small dimension of the capillary format, in addition to the ease of manipulation of CE, makes
sampling of single cells straightforward. The inner diameter of the capillary is usually only 10–50 µm,
which is at the same dimension as that of cells; (2) the extremely high separation efficiency (105–106

theoretical plates) expedites the separation of complex constituents from intracellular species when
cells are lysed or caused to release material; (3) the capillary itself can be used as a reaction chamber
after sampling, so various on-column derivatization procedures or treatments can be implemented to
investigate cell functions and release kinetics of interest for selected reaction conditions.

Several kinds of neuronal cells have been studied by single-cell analysis techniques for the deter-
mination of neurotransmitters. Dopamine, serotonin, tyrosine, and tryptophan were identified and quan-
tified from three different neurons, D2, E4, and F1, from the land snail helix aspersa by open tubular
liquid chromatography (OTLC) with voltammetric detection [2]. The detection limit is at the femtomole
level, which is much more sensitive than conventional methods. The advantage of this method comes
from the high resolving power from small columns and the high sensitivity of electrochemical detec-
tors. 

Catecholamines (norepinephrine and epinephrine) in single bovine adrenal medullary cells were
determined quantitatively by C-18 reverse-phase microcolumn liquid chromatography [3]. With an
electrochemical detector, the detection limit is down to tens of attomoles. Through analysis of over 20
individual cell samples, the variance of catecholamines among these cells was demonstrated and their
physiological implications were discussed. 

More progress was achieved by exploiting capillary electrophoresis. The common procedure is
that a single cell is injected into the front end of the capillary, in which the sample volume is only sub-
nanoliter with a 10–20 µm i.d. capillary. Either on-column derivatization in the sample zone followed
by separation or post-column derivatization after separation is carried out. The detection is achieved by
various methods such as electrochemical, laser-induced fluorescence, and immunoassay [4–6].
Compared to precolumn derivatization commonly adopted in microcolumn liquid chromatography [7],
on-column and post-column derivatization is easier to implement in CE for the detection of molecules
that cannot fluoresce naturally. This is because of the ease of manipulation in the CE format to carry
out derivatization on column and, more importantly, the lack of sample dilution due to the size of the
capillary. 

Hemoglobin and carbonic anhydrase in individual erythrocytes have been separated by CE and
quantified by using laser-induced fluorescence (LIF) detection with a UV line from an Ar ion laser [8].
The activities of several lactate dehydrogenase isoenzymes have been determined in individual human
erythrocytes by monitoring the enzyme-catalyzed production of NADH using LIF detection after sepa-
ration of the isoenzymes [9]. Exocytotic release of serotonin, insulin, and catecholamine from single
mast cells, pancreatic β-cells, and adrenal chromaffin cells were quantitatively monitored by CE-LIF
[10–12]. An on-column derivatization procedure with LIF detection by CE was developed, and the
analysis of individual rat pheochromocytoma (PC12) cells was demonstrated. Dopamine and 5 amino
acids were detected and determined quantitatively [13]. 

The development of these CE-based methods demonstrates that CE is well suited for the analysis
of a wide variety of molecules found in cells, and is a powerful tool for dealing with the heterogeneity
and complexity in neurochemical analysis.

Z. WANG AND E. S. YEUNG

© 2001 IUPAC, Pure and Applied Chemistry 73, 1599–1611

1600



FLUORESCENCE MICROSCOPIC METHODS

Fluorescence microscopy is a powerful tool in that it allows spatial and temporal visualization of fluo-
rescent materials in microscopic specimens. Because of this capability, this technology has been used
in neuroscience to address important fundamental physiological functions and dynamics. It allows users
to look inside the neuronal cells and brain tissue slices with exceptional detail. It allows the acquisition
of spatial information and temporal alterations of components that are either intrinsically fluorescent or
that have been coupled to extrinsic fluorescent molecules. The combination of the specificity inherent
in current fluorescence techniques with the sensitivity of fluorescence imaging systems has led to the
ability to detect very small amounts of material with very high sensitivity and precision.

Various applications have been developed in neurochemical analysis by using fluorescence imag-
ing techniques. Immunofluorescence, which can be used for the identification, localization, and visual-
ization of cell and tissue components, is based on the fact that it is possible to produce highly specific
antibodies against individual cell constituents (antigens), to label these antibodies with fluorescent mol-
ecules and then visualize these fluorescent antibodies after they have been applied to microscopic spec-
imens. Fluorescence in situ hybridization (FISH) is similar to immunofluorescence except that FISH
allows the direct visualization and localization of DNA and RNA sequences on chromosomes in cells
and in tissues. Digitized video microscopy, in which the physiological functions of intact cells and tis-
sues are manipulated and recorded in sequential images, can show multiple cellular activities in sample
specimens in real time. In various studies, the kinetic processes in living cells, genetic variations of
DNA and RNA inside cell chromosomes, and 2-D and 3-D characteristic cell image reconstruction have
all been intensively explored with fluorescence microscopy techniques.

Many important biological molecular constituents and free ions (such as H+ and Ca2+) relevant
to signal transduction processes have been studied with fluorescence microscopy. Fluorescent labeling
probes for target molecules or native fluorescence methods have been developed, and excellent results
for molecular distribution and dynamics of processes such as endocytosis and excytosis have been
obtained.

Calcium imaging in neuronal cells is a well-established method to monitor the distribution and
dynamics of calcium ion movement in cells. With the use of calcium sensitive dyes (e.g., fura-2 and
fluo-3), the concentration changes of calcium ions in different kinds of neurons and glial cells [14–18]
have been successfully exploited, and great progress has been achieved with respect to various path-
ways in which calcium ions are involved to provide understanding of the nature of activities in the brain.

Serotonin is another important neurotransmitter involved in many endocytosis and exocytosis
processes in CNS. Because serotonin possesses native fluorescence, the LIF method has been developed
with the advantages of specificity, low background, and high sensitivity. The uptake of serotonin by sin-
gle astrocytes was first monitored by LIF microscopy with simultaneous temporal and spatial resolu-
tion [19]. The exocytotic release of serotonin from astrocytes, mast cells was also studied with LIF
microscopy [20,21]. The highly localized phenomenon of granule and vesicle release dynamics is
revealed with the help of the high spatial and temporal resolution of fluorescence microscopy.

GLUTAMATE IN THE CENTRAL NERVOUS SYSTEM

Five amino acids have been considered to serve neurotransmitter functions in the central nervous sys-
tem (CNS). Among these five compounds, glutamate and aspartate are considered to play excitatory
function and γ-aminobutyric acid (GABA), glycine, and taurine are believed to work as inhibitory neu-
rotransmitters [22]. Glutamate is considered as a major excitatory neurotransmitter compared to aspar-
tate [22]. The possibility of glutamate serving as an active excitatory neurotransmitter in CNS was first
demonstrated in the 1950s [23–25]. It is found that glutamate could stimulate depolarization in the
spinal cord at the single neuron level [24,25]. Initially, scientists could not accept the implication of glu-
tamate as a neurotransmitter because of the high concentration levels and wide distribution of glutamate
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in CNS. Glutamate is found existing in the cortex around 80 µM/g protein [26,27] and in synaptic vesi-
cles as high as 60 mM/g protein [28,29]. On the other hand, the identified neurotransmitters at that time,
acetylcholine and catecholamine, both exist in very restricted regions in CNS and at low concentrations. 

Nevertheless, evidence was established to support the fact that glutamate is an excitatory neuro-
transmitter in the peripheral and CNS in the late 1970s and 1980s [30–32]. In 1965, it was first report-
ed [33] that glutamate is released from the cortex of cats with the surface superfusion approach. It is
also found that the release of glutamate was accompanied by the release of aspartate, glycine, and tau-
rine after electrical stimulation. In 1976, it is observed that the release of glutamate from the visual cor-
tex of rats by electrical or high K+ stimulation was Ca2+ dependent [34].

However, there was no evidence that the sites of glutamate release were in the neural circuits of
the cortex at that time. Later in 1985, it was discovered that the ipsilateral cortico-cortical association
fiber releases glutamate as a transmitter [35]. Around that time, several regions were also found to
release glutamate, such as the collosal projection fibers and the neostriatum in a moving rats [36,37].
This led to the discovery of the spatial discrimination of glutamate release. There are five classes of
synaptic receptors that have been identified for glutamate, each of which is named for a selective ago-
nist: N-methyl-D-aspartate (NMDA), kainate (KA), AMPA, ACPD, and AP4 [38–41].

In glial cells, glutamine is generated from either the intake of released glutamate from neurons or
from glutamate generated from the citric acid cycle (TCA) in the presence of glutamine synthetase.
Glutamine is then discharged, along with another component from TCA, α-ketoglutarate, from the glial
cells into extracellular space and enters the nerve terminal of presynaptic neurons by a low affinity sys-
tem or diffusion. There, the glutamate is converted from glutamine by glutaminase and from α-ketog-
lutarate by glutamic dehydrogenase (GDH). The glutamate then has three pathways: the first is to move
to a transmission pool ready for the synaptic transduction cycle, the second functions as the precursor
of GABA, and the rest goes to a metabolic pool. The released glutamate from presynaptic cells into
extracellular space will be absorbed by postsynaptic cells to complete the signal transduction process,
converted to GABA or glutamine there, and transferred to glial cells along with the excess amount of
glutamate left in cleft. The cycle then continues to the next round.

The glutamate transmitter system has captured the attention of a wide range of investigators
because it not only mediates standard fast excitatory synaptic transmission, via ionotropic receptors, but
also participates in more complex neuronal process, such as development, learning and memory, and
even neuropathology. The capacity of glutamate to contribute to these processes is a result of the wide
variety of intercellular signals that this transmitter can generate and thus interact with other neurons and
glial cells through receptor-mediation systems. On the other hand, overstimulation of these signaling
processes by glutamate could also cause neuronal damage associated with a wide variety of neurologi-
cal insults and diseases, including ischemia, anoxia, stroke, hypoglycemia, epilepsy, Huntington’s dis-
ease, amyotrophic lateral sclerosis, lathyrisms, and Alzheimer’s disease.

For studying the role of glutamate behavior in signal transduction, there is no doubt that real-time
imaging of glutamate movement and concentration change will greatly enhance the understanding of
many important neuronal activities. Though some efforts have been made such as the simulation of real-
time release dynamics of glutamate between pre- and postsynaptic cells [42], no real imaging data was
available. The difficulties lie in the fact that the whole process of synaptic glutamate release may be over
in a few milliseconds at extremely small dimensions (the cleft between pre- and postsynaptic cells is usu-
ally only several hundred nanometers in size). Also, glutamate has no inherently fluorescent groups, and
there is no effective derivatization method established to detect such fast, transient processes. 

Based on the characteristics of CNS, it is imperative for any successful analysis method to have
following capabilities: 

• High selectivity. The CNS is a complicated network system formed by many types of cells. With
so many active processes present at the same time, the method ought to be able to distinguish ana-
lyte molecules from the thousands of possible interfering factors. 
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• High sensitivity. The concentrations of neurotransmitters present both in intracellular and extra-
cellular fluids needed to perform normal neurotransmitter functions are usually very low, typi-
cally around µM or even down to nM. 

• Fast response. The dynamic signal transduction process for neurotransmitters could be initiated
and completed in a few milliseconds. Under this time scale, any method that cannot respond fast
enough would not be able to reveal the true behavior of neurotransmitters in CNS. 

• Miniaturization. The dimensions of neurons and glial cells in CNS are only at micrometer size,
and the distance between the pre- and postsynaptic cells is at the nanometer range. In order to
obtain representative data of neurotransmitters at good spatial resolution for such extremely het-
erogeneous systems, the sampling ability of the method should be able to match such dimensions. 

The techniques used to evoke glutamate release include ionophores, electrical stimulation and
high concentrations of K+. The first method applies certain compounds to the cell membrane to open
the voltage-sensitive ion channels such as sodium, potassium, and calcium channels. The intracellular
concentrations of such ions thus increase and cause the cell membrane to depolarize. As a consequence,
the glutamate ion is released with other ionic species through the ion channels of the cell membrane.
The side effect is that such compounds may cause cell damage after depolarization [43,44].

Applying electrical pulses to the neuron membrane is another technique to evoke glutamate
release. When the electrical current passes the external solution medium, a small fraction of it would
pass across the cell membrane, and thus some voltage-dependent channels open and cause the depolar-
ization of the cell [45]. 

The last method to evoke glutamate release is to raise the external K+ concentration. This method
is the most popular one among the three techniques owing to the ease of use. The K+ concentration
required for stimulation ranges from 10–80 mM, while the normal concentration is about 2–4 mM.
Upon such an increase of K+ concentration, the calcium channel in the cell membrane will open and the
intracellular calcium concentration will increase. This triggers the exocytosis process, and the content
of glutamate pools in the synapse area will be released. So, this type of synaptic release of glutamate is
calcium-dependent [46].

The collection of released glutamate is generally done by sample perfusions. Two types of tech-
niques are usually used and, based on their collection mode, they could be categorized as “static” and
“dynamic” modes. In the first mode, the sample tissue is incubated in a neurophysiological medium,
such as Ringer’s solution, and is stimulated by one of the methods previously described. Then, the solu-
tion containing the released glutamate is collected and analyzed [47]. This method can be used for “in
situ”-type experiments. Complementary to this method, the second technique is aimed to collect gluta-
mate released on a continuous basis. In this method, small fractions of samples are continuously col-
lected through specific devices during the entire stimulation period. In this way, the dynamics of cell
release of glutamate can be studied. The most widely used device is a microdialysis tubing. A micro-
dialysis tubing probe is inserted into the sampling region, such as a specific area of tissue slices or cleft
areas between different brain parts. The carrier medium is flowed to the probe sensing tip and back so
that glutamate in the sensing region outside the tip can be collected into the carrier medium based on
differential concentration inside and outside the tube. By using different types of dialysis tubing, species
with high molecular weight can be included or excluded. In addition, the probe is generally flexible and
can be applied directly to the location of interest because it will not damage the tissue. This method can
be used for “in vivo”-type experiments [48].

HPLC is the most common technique for amino acid determinations. Numerous methods have
been investigated for free amino acid determinations, which mainly apply either pre- or postcolumn
derivatization with ultraviolet, fluorescence, or electrochemical detection schemes [49–54]. Among
these methods, separation on a reverse-phase column followed by fluorescence or electrochemical
detection provides the most sensitive and simplest methodology. The separation is fast, and good reso-
lution is obtained with gradient systems. In addition, almost all of the amino acids can be separated and
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measured at the same time. The only disadvantage is that the gradient system is time-consuming
because of the need to re-equilibrate the column between runs.

The o-phthaldialdehyde (OPA) derivatization reaction is commonly used in precolumn derivati-
zation with fluorescence or electrochemical detection. The OPA reagent reacts with amino acids rapid-
ly to generate a highly fluorescent compound, thio-substituted isoindoles [55]. The mobile phase
includes methanol + buffer system such as acetate, phosphate at acidic pH, and with a gradient system
to reduce the retention time and stabilize the derivatives. The retention time for amino acid neurotrans-
mitters is around 2–12 min with this method. The detection limit is at about the subpicomole range. 

Gas chromatography–mass spectrometry (GC/MS) is a powerful tool for amino acid analysis.
With derivatization on the GC column, a detection limit down to 10 attomoles could be achieved [56].
Because fragmentation occurs during MS, prepurification of the sample is necessary to exclude inter-
ference ions to guarantee maximum selectivity.

Isotope assays involve treating the amino acids with a radiolabeled compound. The resulting radi-
olabeled amino acids are detected by various assays [57]. Radioreceptor assays are commonly used for
amino acid neurotransmitters. In this procedure, the radiolabeled components are incubated with the tis-
sue that contains the neurotransmitter receptor of interest and the ligand binding to specific recognition
sites is examined. Another assay is based on the double-isotope dansyl microassay [58]. The amino acid
sample is added to a mixture of 14C-labeled amino acids, and the compound is dansylated by [3H]-dan-
syl chloride. The dansylated amino acids are then separated by thin-layer chromatography and the ratio
between [3H] and [14C] for each dansyl amino acid is measured. The ratio shows a linear relationship
to the unlabeled amino acid in the original sample.

Enzymatic assays are based on using an enzyme that is selective to the specific analyte and meas-
uring the concentration of the assay products by various detection methods, which in turn can be relat-
ed back to the analyte concentration. The enzymes that are selective to glutamate include glutamate
dehydrogenase, glutamate oxidase, and glutamate decarboxylase. The common procedure used is to add
the enzyme and required cosubstrates to the sample and observe the signal generated from the reaction
products by means of fluorescence, luminescence, or spectrophotometry. 

Various schemes for measuring glutamate based on enzymatic assay have been developed
[59–67]. With the utilization of glutamate dehydrogenase, coupled with cosubstrate NAD+, the product
of the reaction, NADH, can be monitored either by fluorescence or by absorption. The signal of NADH
generated then can be used to calculate the glutamate concentration. For assays utilizing glutamate oxi-
dase, the reaction includes consumption of oxygen and generation of ammonia and hydrogen peroxide.
The measurements are thus performed by the detection of either the depletion rate of oxygen in the reac-
tion medium or the generation rate of ammonia and peroxide. Several oxygen and ammonia gas sensors
were successfully built with this principle and applied to neurochemical analysis. In addition, the per-
oxide generated in the reaction can be further coupled to other peroxidase-based enzyme assays, and
the final products can be monitored by fluorescence or chemiluminescence. Glutamate decarboxylase
catalyzes the reaction of glutamate in the presence of water to generate γ-aminobutyric acid and carbon
dioxide. Detection is accomplished either by monitoring the generation rate of carbon dioxide with a
gas sensor or by coupling to a pH-sensitive dye, since the accumulation of carbon dioxide in the reac-
tion solution can cause pH changes in a certain range. The signal from the dye can be measured spec-
trophotometrically. 

Enzymatic assays are fast and sensitive. They usually have a wide range of linear response for
measured glutamate. The inherent high selectivity eliminates time-consuming sample pretreatment
steps aimed to exclude interfering factors, and thereby offers a simple, convenient, and reliable
approach for amino acid determination. The only disadvantage is that the enzymes used are usually
expensive. The conventional format of addition of the enzyme mixture to the sample solution makes it
impossible for the enzymes to be reused and is thus not cost-effective. This hinders the wide applica-
tion of this approach in neurochemical analysis. The compromise approach prevalent today is to immo-
bilize the enzyme onto a solid support in the form of a sensor. Then, the enzyme can be more stable and
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can be used repeatedly. Although this approach comes along with a certain degree of sacrifice of sensi-
tivity from the immobilization procedure due to denaturation of the enzyme, it has been demonstrated
that the biosensor format offers advantages on stability, ease of manipulation, signal reproducibility,
and, of course, cost effectiveness. 

A noninvasive detection scheme based on glutamate dehydrogenase enzymatic assay combined
with microscopy was developed by us to measure the glutamate release in cultured cells from the cen-
tral nervous system (CNS) [68]. The enzyme reaction is very specific and sensitive. The detection limit
with CCD imaging is down to µM levels of glutamate with reasonable response time (~30 s). The stan-
dard glutamate test shows a linear response over 3 orders of magnitude, from µM to 0.1 mM range. The
in vitro monitoring of glutamate release from cultured neuron cells demonstrates excellent spatial and
temporal resolution.

In this study, we used a dual-enzyme reaction theme as that reported earlier [68,69] for the analy-
sis of glutamate in single cells by capillary electrophoresis:

Glutamate + NAD+ → α-ketoglutarate + NH4+ + NADH (1)
(GDH catalyzed) 

α-ketoglutarate + alanine → pyruvate + glutamate (2) 
(GPT catalyzed) 

Besides enhancing the specificity of the reaction, the introduction of the second enzyme, glutam-
ic pyruvate transaminase, greatly enhances the reaction efficiency by taking up α-ketoglutarate to drive
the reaction toward NADH generation. The reaction rate becomes much faster compared to conven-
tional single-GDH-enzyme reaction as reported in the literature [2,3]. Consistent with what we found
in the CE experiments, it was necessary to have a large excess of cosubstrates NAD+ and L-alanine to
accelerate the reaction to assure that the CCD signal is linear with initial glutamate concentration. The
choice of 305-nm excitation is guided by the need to limit the background fluorescence from NAD+.
Under our experimental conditions, we were able to obtain satisfactory NADH fluorescence images at
460 nm over the course of 1 min after injection for initial glutamate concentrations down to 1 µM and
for CCD exposure times at 500 ms per frame.

Figure 1 shows the typical (n = 20 experiments) fluorescence images of NADH generated from
the glutamate enzyme reaction. All fluorescence images are the result of subtraction of the final frame
(1 min after stimulation) from the initial frame (before stimulation) after background correction but
with no other modifications. By this flat-fielding method, all contributing interference signals such as
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Fig. 1 Glutamate release from a single neuron in relatively isolated environment. A, optical image of the neuron
and B, corresponding fluorescence image. The exposure time is set at 500 ms per frame. Frames of fluorescence
image were taken sequentially during and after stimulation. The image shown was the average of 5 consecutive
frames. The imaged area is 100 × 100 µm.



fluorescence from background matrix, cell membranes and cell nuclei, basal release of glutamate, and
stray light were canceled out. The NADH generated is the result of enzyme reaction from released glu-
tamate from neurons due to high-K+ stimulation, because control experiments at normal potassium con-
centrations gave no detectable signals.

From these images, it can be seen that although glutamate is released all over the cell body area,
only some parts of the cell, mostly along the edges of the cell, have strong release and are thus repre-
sented by bright areas of NADH fluorescence. It is believed that in CNS the structure of the neuronal
network consists of dendrite and axon fibers extended from neuron bodies to neighboring neurons and
glial cells, near and far away, covering each other and forming signaling patch pairs. At the ends under
the buttons from the fibers there are nerve terminals that form the pre- and postsynaptic terminals.
Neurotransmitters are released from presynaptic terminals, upon stimulation, into the cleavage space
between the synapse pair and move to postsynaptic terminals to activate specific receptor groups to
complete the signal transduction process. Though glutamate is spread all over the neuronal cell com-
partments, the average concentration is relatively low. Only glutamate released from synapses due to
stimulation, in the form of vesicles (and granules) expelled mainly through exocytosis (due to high-K+

stimulation in our case) would have temporarily localized concentrations that are elevated. This high
concentration of glutamate would also quickly decrease to the low level of extracellular concentration
due to dilution through diffusion and absorption by postsynaptic terminals to complete signal trans-
mission and to protect cells from exocytotoxicity. This fast phenomenon is the major reason that the
direct monitoring of glutamate release in CNS is difficult. However, this behavior favors observation of
the signal derived from the first quanta of release on stimulation with elevated potassium concentration.
This is because as long as glutamate is released rapidly, only the localized high concentration of gluta-
mate would be captured by transient reaction with the enzyme mixture to generate enough NADH for
detection. It should be noted that diffusion limits the spatial resolution here, and submicron resolution
is not possible.

ATP IN CENTRAL NERVOUS SYSTEM

Adenosine-3"-triphosphate (ATP) is best known as the most important energy source in cellular metab-
olism. Almost all living cells contain ATP. It plays a central role in the energy status of the cell because
it serves as the energy source for all kinds of metabolic changes and cellular functioning [70,71]. In
addition, ATP is also found to have regulation ability for intracellular enzyme activity [72,73].

Several analytical techniques have been developed for the determination of ATP in biological
samples. Electrochemical-based methods, cyclic voltammetry, and chronoamperometry are used for
ATP measurements based on competitive receptor binding with hexacyanoferrate(II) ion because the
ATP-receptor binding is nonelectroactive [74]. Theoretical study shows that the sub-millimolar con-
centrations of ATP could be detected. Also, sinusoidal voltammetry has been successfully developed to
directly measure ATP concentration, and a detection limit of submicromolar levels can be reached with
this technique [75]. It was reported [76] that rapid Fourier transform infrared (FTIR) spectroscopy and
time-resolved single-wavelength infrared spectroscopy (IR) have been used to follow the photochemi-
cal release of ATP. The temporal resolution of these IR techniques can be around the millisecond-to-
second range, although biological applications have not been developed yet. 

The most widely used technique in biological science so far for the determination of ATP is based
on the firefly luciferase-luciferin bioluminescence assay [77–85]. In this assay, the enzyme extract from
firefly photinus pyralis, luciferase, is coupled to cosubstrates luciferin (D-form), and, in the presence of
magnesium ions, catalyzes the conversion of ATP to AMP and pyrophosphate. Accompanying the prod-
ucts of the reaction is light emission with wavelength around 560 nm, as depicted in the following equa-
tions:

E + LH2 →Mg E – LH2 + ATP → E – L – AMP + PP (3)
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E – L – AMP →O2 E – L + AMP + hν (560 nm) (4)

E: luciferase; LH2: D-luciferin; PP: pyrophosphate; L: deoxyluciferin.
This reaction is fast, specific, and sensitive. After only a few hundred milliseconds upon enzyme

coupling to the ATP molecule, light output can be observed. The specificity of the enzyme is excellent:
only ATP can trigger the light emission reaction. Many analogs of ATP such as ADP, AMP, UDP, and
other purine nucleotides have no effect on the enzyme, so interference can be controlled. The reaction
is also very sensitive: with the right combination of enzyme and substrate concentrations and proper
instrument conditions, a total amount down to attomoles of ATP from extracts of cell samples can be
detected. 

The typical light output curve from this reaction is shown in Fig. 2 [69]. Through careful studies,
it was found that the peak maximum can be used to quantitatively determine the amount of ATP in the
reaction. The linear relationship is excellent (R = 0.999), and the dynamic response ranges over 4 to 5
magnitudes starting from 10–18 mol, even with commercial assay kits without any modifications.

Various applications of this assay in biological studies have been reported [86–93]. The determi-
nations of ATP content in different types of cells and tissues were used in clinical diagnostics, such as
bacteria testing and antibiotic assay. It is also used in microbiology, food industry, pharmaceuticals,
environmental monitoring, and even space technology.

In the 1970s, ATP was first found to have an effect on neurotransmission in some CNS systems
[94], although there was skepticism for ATP as a neurotransmitter or neuromodulator back then. In the
last 20 years, critical evidence for ATP as a neurotransmitter or neuromodulator has been found, and the
role of ATP in CNS is confirmed [95–99]. 

It is therefore very interesting and important to monitor ATP as a neurotransmitter in CNS at the
cellular and subcellular level. The release of ATP from the micro-dissected organ of Corti has been
measured with a bioluminescent assay [100]. The extracellular concentration of ATP in hippocampal
slices from seizure-prone mice has been estimated [101]. Coreleases of ATP with some other well-
known neurotransmitters such as norepinephrine and acetylcholine were discovered and studied by
electrophysiological methods [102–106]. The various groups of ATP-specific receptors have been iden-
tified and classificated [107].

A novel chemiluminescence dynamic imaging method was developed to monitor ATP release
from living biological cells [69]. The detectability of ATP is down to 10–8 M at millisecond exposure
times with an intensified charge-coupled device camera. The direct imaging of ATP waves in astrocyte
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Fig. 2 Light emission response to ATP from the luciferase-luciferin reaction.



cultures was performed together with fluo-3-Ca imaging at millisecond temporal resolution and µm-
scale spatial resolution.

Confluent astrocytes [108] were stimulated mechanically via microtips. While not a natural stim-
ulus, mechanical stimuli provide a high degree of spatio-temporal control that mimics the action of
physiological ligands [3]. Consistent with the extracellular signaling hypothesis, physical contact,
which is known to cause a calcium wave, immediately generated an extracellular ATP signal. As soon
as an ATP signal appeared, the tip was withdrawn vertically. Extracellular diffusion during exposure
limits the spatial resolution of these ATP images to 10 µm. Consistent with previous observations of
calcium wave propagation [61], the average effective ATP wave excursion distance is 258 ± 50 mm 
(n = 25). This argues against the single point release model, in which the effective signal travel distance
is 110 ± 30 mm [7,109], and implies distinct contributions from cells along the path. The existence of
a finite propagation range for the ATP wave, plus the fact that the intensities decrease gradually along
the path, support the postulation [110,111] that subpopulations of astrocytes express different specific
purinergic receptor subtypes. This dictates that not all astrocytes have the same sensitivity to ATP and
they do not release identical amounts of ATP when stimulated. From the injection of standard ATP solu-
tion, the concentration of ATP released into the extracellular fluid can be estimated to be at the µM
range, which agrees with previous reports [48,108]. The basal release is not detectable. Since intracel-
lular ATP concentrations are in the mM range, the present reporter scheme cannot detect those changes
that result from stimulation. 

ATP is known to evoke intercellular calcium wave propagation from glial [26,112] and other [50]
cells. The astrocyte cultures were loaded with fluo-3 [60], and the fluorescence on binding with intra-
cellular Ca, [Ca2+], was monitored simultaneously with the chemiluminescence signal from the
released ATP. On stimulation, the intercellular calcium wave is found to be synchronized spatially and
temporally with the extracellular ATP wave (Fig. 3). An important feature is that [Ca2+] (Fig. 3b) per-
sists at an elevated level for some time after stimulation while the ATP level (Fig. 3a) decreases soon
after stimulation. This is an inherent difference between intracellular components that are trapped and
extracellular components that can diffuse away. Also, there is a dramatic decrease in the ATP signal but
only a modest decrease in the [Ca2+] signal as a function of distance from the point of stimulation 
(Fig. 3). Yet, the calcium wave does not propagate beyond the excursion range of the ATP wave. This
suggests that the two waves are not related to each other in a straightforward manner. 
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Fig. 3 Simultaneous monitoring of ATP and [Ca2+] from astrocyte cultures showing that the calcium wave is
synchronized with the released ATP upon stimulation. The exposure time for ATP is 500 ms and that for [Ca2+]
is 50 ms. a, bright-field image showing the position of the stimulation tip followed by ATP images. Times are
relative to the time of stimulation. b, corresponding calcium images taken at 0.5 s delay relative to each ATP
image shown above it. Cell 1 is at the position of stimulation. Initially, only the calcium level in cell 1 increased.
As the experiment progresses, cells 2 and 3, then cells 4 and 5, and finally cell 6 showed increases in calcium
level synchronized with the arrival of the ATP wave shown in a. The last image showed calcium levels falling
back to normal coinciding with the fading of the ATP wave.



SUMMARY

The ability to image neurotransmitters at the subsecond range and at micromolar concentration levels
has led to elucidation of important signaling pathways. The development of laser excitation, labeling
fluorophors, enzymatic reactions, and sensitive array detectors has made such experiments possible. It
is obvious that sensitive and selective biosensors will continue to play an important role as a bridge
between analytical chemistry and biology.
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